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Angle-resolved photoemission spetrosopy (ARPES) is used to study the spetral funtion of the
optimally doped high-Tc superondutor (Bi,Pb)2Sr2CaCu2O8+δ in the viinity of the antinodal
point in the superonduting state. Using a parameterized self-energy funtion, it was possible to
desribe both the oherent and the inoherent spetral weight of the bonding and the antibonding
band. The renormalization eets an be assigned to a very strong oupling to the magneti res-
onane mode and at higher energies to a bandwidth renormalization by a fator of two, probably
aused by a oupling to a ontinuum. The present reevaluation of the ARPES data allows to ome
to a more reliable determination of the value of the oupling strength of the harge arriers to the
mode. The experimental results for the dressing of the harge arriers are ompared to theoretial
models.
PACS numbers: 74.25.Jb, 74.72.-h, 79.60.-i
I. INTRODUCTION
The dressing of the harge arriers in high-Tc super-
ondutors (HTSCs) is still one of the most exiting top-
is in solid state physis. The HTSCs are a paradigm
for the transition of a orrelated system from an insu-
lating to a metalli state. The dressing of the harge
arriers in HTSCs is likely aused by the same intera-
tion that gives rise to the superondutivity, hene the
understanding of the quasipartile self-energy may help
to understand the origin of the mehanism of high-Tc su-
perondutivity. The dressing an be studied by various
experimental methods but angle-resolved photoemission
spetrosopy is the only method whih gives a quantita-
tive information on the momentum dependene of those
renormalization eets. In HTSCs there are two im-
portant regions on the Fermi surfae: the nodal region,
where the diagonal of the Brillouin zone uts the Fermi
surfae and where the d−wave superonduting order pa-
rameter hanges sign. This region mostly ontributes to
the transport properties, partiularly in the underdoped
region, where a pseudogap opens up, squeezing the Fermi
surfae to a region near the nodes. The other (antinodal)
region is one where the edge of the Brillouin zone uts the
Fermi surfae. In this region, the order parameter in hole
doped superondutors has its maximum. This region is
therefore mostly relevant for the studies of the superon-
duting properties. There are numerous ARPES studies
on the renormalization eets near the nodal point,
1,2,3
but only a few studies are onentrated at the antinodal
point
4,5,6,7,8,9
.
In the bilayer systems the study of the antinodal point
is ompliated by the bilayer splitting, whih ould not
be resolved for 15 years. On the other hand, only in
the bilayer system of the Bi-HTSC family the entire su-
peronduting region from underdoped (UD) via opti-
mally doped (OP) to overdoped (OD) an be studied.
In the superonduting state a well pronouned peak-
dip-hump struture has been deteted
4,5
. This stru-
ture was originally explained
5,10
solely in terms of a ou-
pling to a bosoni mode, similar to the MMillan-Rowell
explanation of the tunnelling spetra in onventional
superondutors
11
. Later on, it was established that this
peak-dip-hump struture is partially aused by the bi-
layer splitting
12,13
. By varying the photon energy hυ
in the ARPES experiments, and exploiting the dierent
energy dependene of the matrix elements for the exita-
tions from the bonding and the antibonding bands, it be-
ame possible to separate the two bands
8,12,13,14,15
and to
extrat the full energy- and momentum-dependent spe-
tral weight separately in eah of the bands. This proe-
dure allowed the authors of Refs. 12,13 to nd the intrin-
si peak-dip-hump struture, and to demonstrate that
the strength of this intrinsi eet is doping-dependent,
and dereases in going from UD to OD materials.
An important harateristi of the interation be-
tween fermioni and bosoni exitations is the energy-
dependent, dimensionless oupling λE . In theories where
the fermioni self-energy depends on energy, E, muh
stronger than on the momentum k− kF , this dimension-
less oupling is related to the self-energy via Σ(E) =
−EλE . It is also relevant whether the measurements
2are performed in the normal or in the superonduting
state. We will label the orresponding ouplings as λn,E
and λsc,E , respetively.
If the normal state is a Fermi liquid, λn,E=0 = λn
is nite, and is often alled a dimensionless oupling
onstant. It determines the mass renormalization of
the fermioni quasipartiles via m∗ = m(1 + λn). The
oupling onstant an, in priniple, be extrated from
ARPES measurements of the quasipartile dispersion in
the normal state at the lowest energies, however this pro-
edure requires one to know both kF and the bare mass,
m. In previous analysis8, the mass, m, was extrated
from a tight-binding model with parameters derived from
a t of the Fermi surfae and from the quasipartile dis-
persion measured along the nodal diretion
16,17
. The
analysis of the experimental data in the antinodal region
yielded λn ∼ 1.5 both in UD and OD materials. This re-
sult should be ontrasted with values
18
of λn ≤ 1 at the
nodal point. It is onsistent with expetations as for non
rotationally-invariant systems the oupling λn depends
on the position on the Fermi surfae.
In the superonduting state, the measured quasipar-
tile energy in the antinodal region is bounded by the su-
peronduting gap, ∆, and it beomes an issue at whih
energy one extrats the oupling λsc,E from the data. In
previous analysis, the oupling was extrated from the
self-energy measured at |E| ≥ ∆. This oupling λsc,∆
turns out to be larger than λn, and it also rapidly in-
reases from OD to UD samples (λsc,∆ ∼ 8 for dopant
onentration 0.12).
In this ommuniation we extend our previous analy-
sis of the antinodal self-energy in the superonduting
state
8
and show how one an extrat the oupling at
zero frequeny λsc,E=0 ≡ λsc from the ARPES data.
We nd that λsc is smaller than λsc,∆ and within a er-
tain model is also smaller than the normal state ou-
pling λn, in agreement with earlier alulations
19
. We
show that the large value of λsc,∆ and its strong dop-
ing dependene are at least partially due to the fat that
the fermioni self-energy in a superondutor atually di-
verges at |E| = ∆ + Ω0, where Ω0 is the energy of the
bosoni mode. If the bosoni mode is the spin resonane
peak, its energy dereases with dereasing doping. Then
|E| = ∆ and |E| = ∆ + Ω0 ome loser to eah other
in the UD regime, and λsc,∆ strongly inreases. This is
onsistent with the analysis in Ref. 8.
Our present analysis is based on the measurements of
the quasipartile spetral funtion in the antinodal region
of the high-Tc superondutor (Bi,Pb)2Sr2CaCu2O8+δ
(BiPb2212) in the superonduting state. We go be-
yond a previous ARPES study whih has analyzed the
energy dependene of the spetral weight just at the (π, 0)
point
20
, and study the whole antinodal region. We inter-
pret our results in the superonduting state in terms
of model self-energy funtion whih is omposed of two
terms. The rst and dominant term is due to a strong
oupling of the harge arriers to a single bosoni mode.
The seond term desribes a band renormalization at
higher energies and is assumed to have a Fermi-liquid
form. We extrat both ouplings from the ts to the
data. We used two models for eletron-boson oupling.
The rst model is a one-mode model for an interation
with an Einstein boson, whih is assumed to be inde-
pendent on fermions. Seond is a olletive mode model,
in whih the bosoni spetrum in the normal state is
rather at and inoherent, but splits into a mode and into
gapped ontinuum in the superonduting state due to
the feedbak eet from the pairing. This seond model
is appropriate if the boson is a spin olletive mode of
fermions. We obtain a rather good agreement between
the parameters derived from the analysis of the experi-
mental data using the model self-energy funtion and the
alulated values using the olletive mode model. This
yields a strong indiation that the dominant part of the
renormalization of the fermioni dispersion is due to a
oupling of olletive spin exitations.
The paper is organized as follows. In Se. II we re-
view the two fermion-boson models in the normal and
the superonduting state. The experimental setup is
disussed in Se. III. In Se. IV we present the exper-
imental results together with the data analysis. In Se.
V we disuss the results and ompare them with other
renormalization eets studied by ARPES in solid state
physis. The onlusions of our study are presented in
Se. VI.
II. THE FERMION-BOSON MODELS
The oupling of the harge arriers to bosoni exi-
tations is the minimum model to understand the spe-
tral funtion of the HTSCs at the antinodal point. We
start with an assumption that the Fermi energy EF is
muh larger than the mode energy Ω0. The validity of
this assumption for very underdoped uprates has been
questioned reently
21,22
beause there the bandwidth is
strongly redued due to orrelation eets assoiated
with Mott physis. Here we restrit our analysis to near-
optimally doped uprates for whih there is little doubt
that EF ≫ Ω0 sine EF ∼ 1 eV in this ase.
Both fermion-boson models have been disussed ear-
lier in the literature
10,20,23,24,25,26
. We review them here
again in order to speify the parameters whih an be de-
rived from ARPES. We also present several new results
for the olletive exitations model.
The dynamis of an eletron in an interating system
an be desribed by a Green's funtion
27
G(E, k) =
1
E − ǫk − Σ(E, k) . (1)
where Σ(E, k)=Σ′(E, k)+iΣ′′(E, k) is the omplex self-
energy funtion whih ontains the information on the
fermion-boson interation, and ǫk is the bare quasiparti-
le dispersion. Near the Fermi surfae ǫk = vF (k − kF ),
where vF = kF /m, and m is the bare mass. It is ustom-
ary to use the tight-binding form for ǫk.
3ARPES experiments measure the produt of the spe-
tral funtion A(E, k), the Fermi funtion, and a tran-
sition matrix element, onvoluted with the experimental
resolution. The spetral funtion is related to the Green's
funtion as
28,29
A(E, k) = − 1
π
ImG(E, k)
= − 1
π
Σ′′(E, k)
[E − ǫk − Σ′(E, k)]2 + [Σ′′(E, k)]2 (2)
For Σ = 0, i. e., for the non-interating ase, the spetral
funtion A(E, k) = δ(E − ǫk).
For the desription of the spetral funtion in the su-
peronduting ase, two exitations have to be taken into
aount: the eletron-hole and the pair exitations. This
transforms the Green's funtion into a (2x2) matrix,
30
or,
equivalently, to the emergene of normal and anomalous
omponents of the Green's funtion. Aordingly, the
self-energy also has a normal part Σ(E, k) and anoma-
lous part Φ(E, k). The two self-energies are related to E,
the renormalization funtion Z(E,k), and to the super-
onduting gap ∆(E, k) via
E − Σ(E, k) = EZ(E, k), Φ(E, k) = Z(E, k)∆(E, k)
(3)
In general, the superonduting gap ∆(E, k) is also a
omplex funtion and depends on both parameters. The
energy dependene is not ruial, though
31
, and we just
neglet it for simpliity, i.e., replae a omplex ∆(E, k)
by a real ∆(k). The momentum dependene of ∆(k) is
that of a dx2−y2 gap. In the antinodal region, the gap
is near its maximum, its momentum dependene is weak
and we will neglet it as well, i.e., further approximate
∆(k) by ∆ and Z(E, k) by Z(E). The spetral funtion
is then given by
24
A(E, k) = − 1
π
Im
Z(E)E + ǫk
Z(E)2(E2 −∆2)− ǫ2k
. (4)
Using our denition of the oupling onstant,
Z(E) = 1 + λsc,E . (5)
Below we onsider two models for eletron-boson in-
teration. In the one-mode model we dene the self-
energy due to the oupling to a single bosoni mode
as Σ′ = −λbEE with λb0 = λb. In the olletive mode
model, we treat the renormalization due to a distribution
of bosoni modes. The orresponding oupling onstant
is alled λc.
A. One-mode model
In the one-mode model, it is assumed that eletrons
interat with an Einstein boson whose energy is Ω0 in-
dependent on whether the system is in the normal or
in the superonduting state. For the normal state the
mehanism leading to a nite lifetime of a photohole is
Table I: Bosoni exitations whih ouple to the harge arri-
ers together with their harateristi energies in HTSCs
system exitations harateristi energy(meV)
ion lattie phonons 90
spin lattie/liquid magnons 180
e-liquid plasmons 1000
k
E F
E
B o s o n
k
E F
E
B o s o n
Ä
( a ) ( b )
Figure 1: Bosoni sattering mehanism whih ontributes to
the imaginary part of the self-energy. (a) normal state; (b)
superonduting state.
illustrated in Fig. 1(a). The hole is lled by a transition
from a state at lower binding energy via an emission of a
bosoni mode. Suh bosoni exitations may be eletron-
hole exitations, phonons, spin exitations, plasmons, ex-
itons et. Relevant exitations for HTSCs are listed in
Table I together with their harateristi energies.
For a onstant density of states and for the tempera-
ture T = 0, the fermioni self-energy is given by
23
Σ(E) =
iλbn
2πΩ0
∫
dE′χ(E′)
∫
dǫkG(E + E
′, k) (6)
where χ(E′) is the bosoni propagator
χ(E′) =
Ω0
Ω20 − E′2 − iδ
(7)
In the normal state,
∫
dǫkG(E + E
′, k) = −iπsgn(E +
E′). Substituting this into (6) and separating real and
imaginary parts of the integral, we nd, for E < 0
Σ′(E) = −1
2
λbnΩ0 ln |
E +Ω0
E − Ω0 |
Σ
′′
(E) =
π
2
λbnΩ0θ(|E| − Ω0). (8)
Σ′′(E) is zero up to the absolute value of the mode energy
Ω0 . This is also lear from Fig. 1 sine the photohole an
only be lled when its binding energy is larger than Ω0.
At |E| > Ω0, Σ′′(E) is a onstant (see Fig. 2 (b)). Σ′(E)
shows a logarithmi singularity at the mode energy, Ω0
(see Fig. 2 (a)). At low energies there is a linear energy
dependene of Σ′ and the negative slope −dΣ′/dE = λbn
determines the oupling onstant at zero energy.
In Fig. 2 () and (d) we have plotted the renormal-
ization funtion Z(E) for the same parameters. The real
part shows again a singularity at Ω0 and a onstant value
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Figure 2: Real (a) and imaginary (b) part of the self-energy
funtion and real () and imaginary (d) part of the renormal-
ization funtion for a oupling to a mode at Ω0 = 40 meV and
a oupling onstant λn=8. Solid line: normal state, dashed
line: superonduting state with a gap ∆ = 30 meV
at zero energy. This value minus 1 again determines the
oupling onstant λbn. Within this model the same ou-
pling onstant an also be obtained from the measure-
ments of the quasipartile linewidth at large negative en-
ergies as λbn = −2Σ
′′
(−∞)/(πΩ0). Σ′′(−∞) is the step
height of Σ
′′
(E) at E = Ω0 in the one-mode model. Hene
both λbn and Σ
′′
(−∞) are the measures of the oupling
strength to the bosoni mode. Consequently, together
with the mode energy Ω0, both an be used to determine
the self-energy in the one-mode model.
In Fig. 3 (a) and (b) we have displayed the alulated
spetral funtion in the one-mode model for λbn = 1 and
λbn = 8, respetively. Compared to the bare partile dis-
persion, ǫk, given by the red dashed line, for |E| < Ω0
there is a mass renormalization, i.e., a redued dispersion
and no broadening, exept the energy and momentum
resolution broadening, whih was taken to be 5 meV and
0.005 Å
−1
, respetively . For |E| > Ω0, there is a disper-
sion bak to the bare partile energy. Moreover, there is a
broadening due to a nite Σ′′, inreasing with inreasing
λbn. For large λ
b
n, the width for onstant E sans is, at
least up to some energy, larger than the binding energy
of the harge arriers and therefore they an be alled
inoherent in ontrast to energies |E| < Ω0 or very high
binding energies, where the width is smaller than the
binding energy and therefore the states are oherent
23
.
The hange in the dispersion is often termed a "kink"
but looking loser at the spetral funtion, in partiular
for high λbn, there is a branhing into two dispersion arms
touhing eah other at the branhing energy EB=Ω0.
Figure 3: Calulated spetral funtion A(E,k) for a oupling
of the harge arrier to a mode with an energy Ω0=40 meV
(a) and (b) normal state, () and (d) superonduting state
with a superonduting gap, ∆=30 meV. (a) and () oupling
onstant λn=1, (b) and (d) oupling onstant λn=8
The following information an be obtained from a one-
mode model spetral funtion A(E, k) in the normal
state. When performing onstant-E sans, very often
alled momentum distribution urves (MDCs), one ob-
tains Lorentzians. The maximum observed in the MDCs
determines the renormalized dispersion. By omparing
this dispersion lose to EF to the bare partile disper-
sion one an extrat the oupling onstant λbn. The
width of the Lorentzians for |E| < Ω0 in this model
should be determined by the energy and momentum res-
olution. For |E| > Ω0 the resolution eets are small
ompared to the intrinsi width, W, and one an derive
Σ′′(−∞) = −vFW/2 where vF is the bare-partile Fermi
veloity. From the onset of a nite intrinsi width, one
obtains the mode energy Ω0. This parameter also an
be obtained by onstant-E uts, very often alled energy
distribution urves (EDCs). Looking at Eq. (2), one re-
alizes that for large ǫk, i.e., far away from the Fermi wave
vetor, kF , the spetral funtion around E ∼ Ω0 is deter-
mined by Σ′′. The edge of suh a ut determines again
Ω0.
In the superonduting state, the self-energy for E < 0
is still given by (6), but the fermioni Green's funtion
now has the form
Gsc(E, k) =
E + ǫk
E2 −∆2 − ǫ2k + iδ
(9)
Substituting this into (6), evaluating the integral over ǫk
and separating real and imaginary parts, we obtain for
5E < 0:
Σ
′
(E) = −λ
b
n
2
Ω0Re
∫
dE
′
Ω20 − E′2 − iδ
E + E
′
√
(E + E′)2 −∆2
Σ
′′
(E) =
π
2
λbnΩ0Re
E +Ω0√
(E +Ω0 +∆)(E +Ω0 −∆)
(10)
In Fig. 2 we plot Σ(E) and Z(E) for the superonduting
state with∆ = 30 meV. A small δ has been used to redue
the singularities. One realizes that due to the opening of
the gap the singularities of Σ′ and Z ′ are shifted to higher
binding energies and that the edge in Σ′′ transforms into
an overshooting edge. At vanishingE, Σ′(E) is still linear
in E, but due to the shift of the singularity to higher
binding energies the slope is now redued and given by
λbsc = −
Σ
′
(E → 0)
E
= λbn
∫ ∞
0
dx
(x2 + 1)3/2
1
1 + x2(∆/Ω0)2
(11)
The redution of the oupling onstant in the superon-
duting state is onomitant with a redution of Z(0)
sine Z(0) = 1 + λ.
At k = kF the photohole an only be exited when
its binding energy is exatly ∆, or when ImZ(E, kF ) =
−ImΣ(E, kF )/E is non-zero. From Fig. 1 (b) it is lear
that for zero temperature and in the lean limit Σ′′ or
the sattering rate is dierent from zero only when |E| >
∆ + Ω0. This result is obtained from an evaluation of
Eq. (10). This implies that E = −∆ is separated from
the region where Σ
′′
(E, kF ) is non-zero and therefore the
spetral funtion ontains a δ−funtional peak at E =
−∆, and then it beomes nonzero at E < −(∆ + Ω0).
In Figs. 3 () and (d) we show for the one-mode model
the alulated spetral funtion in the superonduting
state using the same energy and momentum resolutions
and the same mode energy as before. The gap was set to
∆ = 30 meV. One learly realizes the BCS-Bogoliubov-
like bak-dispersion at the gap energy∆ and besides this,
a total shift of the dispersive arms by the gap energy.
Thus the branhing energy EB ours at −(Ω0 +∆).
The renormalized dispersion is obtained from the po-
sition of the MDC peak of the spetral funtion. In the
normal state, the peak position is where the real part of
G−1(E, k) vanishes. In the superonduting state, there
is an extra ompliation due to the fat that ǫk is present
both in the denominator and in the numerator of the
spetral funtion. Like in an earlier study
19
we avoid
this ompliation and extrat the renormalized disper-
sion from
ǫk = −ReZ(E)
√
E2 −∆2
= −
(
1− ReΣ(E)
E
)√
E2 −∆2. (12)
In onventional superondutors, the mode energy is
muh larger than the gap. In this situation, Eq. (11)
yields λbsc = λ
b
n
(
1 +O
(
(∆/Ω0)
2 log∆/Ω0
)) ≈ λbn. Fur-
thermore, the same small parameter ∆/Ω0 also allows
one to neglet the energy dependene of λsc,E at |E| ≥ ∆,
suh that λbsc,E ≈ λbsc ≈ λbn. In this situation, ReZ(E) ≈
1+ λbn, and hene the maximum of the spetral funtion
is loated at
E = −
√
∆2 + ǫ2k/(1 + λ
b
n)
2. (13)
For HTSCs, the gap is omparable to the mode energy
and therefore Eq.(13) is no longer valid, and the full Eq.
(12) should be used to t the dispersion. There are two
key dierenes with Eq. (13). First, the zero-energy
values λbsc and λ
b
n are dierent. For ∆ = 30 meV and
Ω0 = 40 meV, i.e., ∆/Ω0 = 3/4, we obtain from (11)
λbsc = 0.74λ
b
n. Seond, the energy dependene of λ
b
sc
beomes relevant. Indeed, by analyzing (10) one nds
that Σ
′
(E) is disontinuous at E = −(∆ + Ω0) and di-
verges as a square-root at approahing E = −(∆+Ω0).19
When ∆ and Ω0 are omparable, this divergene aets
the self-energy already at E ≈ −∆. For the parameters
that we hoose, the eet is not large: evaluating the
real part of the self-energy at E = −∆ from (10) we nd
λbsc,∆ ≈ 1.1λbsc. However, the eet inreases one Ω0
gets smaller.
Measuring an EDC at kF with high resolution, one
would expet a peak at ∆, followed by a region of near-
zero spetral weight and a threshold of the inoherent
spetral weight, whih appears at Ω0 + ∆. Suh an
energy distribution is well known from tunnelling spe-
trosopy in onventional phonon superondutors, exept
that there Ω0 is often muh larger than ∆. At deviations
from kF , the peak disperses to larger frequenies while
the onset of the inoherent spetral weight remains at
Ω0 + ∆. One the peak disperses lose to Ω0 + ∆, only
the threshold at this energy remains visible.
B. Colletive mode model
For deniteness, we onsider the model with the inter-
ation between fermions and their spin olletive exita-
tions with momenta near Q = (π, π). The momentum Q
onnets Fermi surfae points within antinodal regions,
and hene antinodal fermions are mostly involved in the
sattering of nearly antiferromagneti spin utuations.
The physis of eletron-boson interation is somewhat
dierent in the one-mode and olletive mode senarios.
Like we said, in the one-mode formalism, one assumes
that bosons are propagating exitations with a frequeny
Ω0, independent on whether fermions are in the normal
or in the superonduting state. In the olletive mode
model, bosons are Landau-damped in the normal state,
and their spetral funtion is desribed by a ontinuum
rather than by a mode. In the superonduting state,
the low-energy fermioni states in the antinodal regions
are gapped, and the ontinuum of bosoni states with
momenta near Q appears only above the gap of 2∆. In
addition, the residual attration between fermions in a
dx2−y2 superondutor leads to the development of the
6resonane peak at a frequeny Ω0 below 2∆. In the OD
regime, Ω0 is only slightly below 2∆, and the resonane
is weak. In the UD regime, the resonane frequeny de-
reases. In bilayer systems, suh as Bi2212, there are
two resonanes, in the even and in odd hannel. The
resonane frequeny in the even hannel should vanish at
the point where the magneti orrelation length diverges.
The resonane in the odd hannel remains nite at this
point, and, very likely, transforms into the gapped spin-
wave mode in the antiferromagnetially ordered state.
The self-energy within the olletive mode model has
been analyzed in Refr. 19 and in earlier publiations. Be-
low we briey review the existing results and also present
several new formulas. For deniteness, we onsider the
ase of a at stati suseptibility near Q, i.e., assume
that in the normal state, the dynamial spin suseptibil-
ity (the bosoni propagator) an be expressed as
χ(E, q) = χ(E) =
χQ
1− iE/ωsf (14)
where ωsf is the typial relaxational frequeny of spin
utuations. An advantage of using the at stati spin
suseptibility is that all omputations an be done ana-
lytially. Similar results are also obtained using Ornstein-
Zernike form of the stati suseptibility
31
and in FLEX
omputations for the Hubbard model
32
.
In the normal state, the fermioni self-energy due to
interation with the gapless ontinuum of spin exitations
is
19
Σ
′
(E) = −λcnωsf arctan
E
ωsf
Σ
′′
(E) = −1
2
λcnωsf ln(1 +
E2
ω2sf
) (15)
where λcn is the dimensionless oupling onstant in the
normal state for the olletive mode model. In dis-
tintion to the one-mode model, the self-energy in (15)
has no threshold, and its energy dependene interpo-
lates between dierent limits. In partiular, Σ
′′
(E) is
quadrati in E at the lowest energies (a Fermi-liquid
form), and is almost at at large E. At intermediate
energies, Σ
′′
(E) is roughly linear in E. The real part of
the self-energy is linear in E at the lowest frequenies
(−dΣ′(E)/dEE→0 = λcn), and is at at high frequenies.
If the relaxational spetrum of spin utuations is ut at
some upper uto, the real part of the self-energy will
start dereasing above the uto.
In the superonduting state, the self-energy hanges
by two reasons. First, fermioni exitations aquire a
gap. Seond, the spetrum of olletive exitations by
itself hanges as a feedbak from the gap opening. The
expression for the self-energy inorporates both eets
and is given by
Σ(E) = −1
2
λcn
∫
dE
′
1−Π(E′)/ωsf
E + E
′
√
(E + E′)2 −∆2
(16)
where Π(E) is the polarizability bubble in the superon-
duting state (a sum of the two bubbles made of normal
and anomalous fermioni Green's funtions). This polar-
ization operator an be omputed expliitly. We obtained
Π
′
(E) =


E2
2∆
D
(
E2
4∆2
)
for |E| < 2∆
4∆
2
|E| D
(
4∆
2
E2
)
for |E| > 2∆
(17)
Π
′′
(E) =


0 for |E| < 2∆
|E| K2
(
1− 4∆2E2
)
for |E| > 2∆
(18)
where D(x2) = (K1(x
2) − K2(x2))/x2, and K1(x2) and
K2(x
2) are the ellipti integrals of rst and seond kind,
respetively. The expression for Π
′′
was earlier obtained
in
33
.
We see that Π
′′
is nite only at |E| > 2∆. At
|E| < 2∆, Π′(E) is positive and interpolates between
zero at E = 0 and innity at |E| = 2∆ (at the low-
est energies, Π(E) ≈ (π/8)E2/∆). At some frequeny
Ω0, Π
′
(Ω0) = ωsf , and the dynamial spin suseptibility
χs(E) ∝ 1/(1 − Π(E)/ωsf ) has a pole. As a result, the
gapless ontinuum of the normal state splits into two sep-
arate entities: the gapped ontinuum at energies above
2∆, where Π
′′
is non-zero, and the pole (the resonane
peak) at an energy Ω0 below 2∆. We see therefore that
in the superonduting state, one-mode and ontinuum
models are quite similar  both desribe the interation
between fermions and a bosoni mode. The dierene
between the two models is in the details, and also in the
fat that in a olletive mode model, the bosoni spe-
trum still ontains a ontinuum above 2∆.
The loation of the pole an be straightforwardly ob-
tained from (18). For ∆ = 30 meV, the mode is at Ω0=
40 meV, if ωsf ∼ 26 meV. This last value is quite on-
sistent with earlier estimates
31
Near the pole, the spin
suseptibility is
χ(E) ≈ Z0 Ω0
Ω20 − E2 − iδ
(19)
where Z0 ∼ 0.77. Apart from the residue Z0, Eq. (19)
desribes the same propagator as in the one-mode model
(see Eq. (7)).
Substituting the results for Π into the expression for
the fermioni self-energy, Eq. (16), we nd Σ(E) as a sum
of two ontributions. One omes from the pole and the
other omes from the gapped ontinuum. The generi be-
havior of the self-energy is similar to what we have found
for the one-mode model. Namely, Σ′(E) is linear in E at
the lowest energies, and diverges as a square-root at ap-
proahing −(∆+Ω0) from below. Above this threshold,
Σ
′
(E) drops to a nite value, and dereases at even larger
|E|. The imaginary part of the self-energy is zero below
the threshold at −(∆+Ω0), diverges as a square-root at
7approahing the threshold from larger |E|, and eventu-
ally reovers the normal state value at highest energies.
At the smallest E, we found that the dominant ontribu-
tion to Σ′(E) = −λcscE omes from the mode, ontinuum
only aounts for about 20% perent orretion. Evalu-
ating the integrals, we found that λcsc ≈ 0.7λcn. This is
similar to what we have found in the one-mode model.
At E = −∆, we found, using the full form of the polar-
ization bubble, λcsc,∆ ≈ 0.75λcn, whih is again similar to
what we have found in the one-mode model.
For the imaginary part of the self-energy Σ
′′
(E) and
E < 0 we found
Σ
′′
(E) = Σ
′′
A(E) + Σ
′′
B(E) (20)
where
Σ
′′
A(E) =
πZ0
2
λcnΩ0
E +Ω0
(E +Ω0 +∆)(E +Ω0 −∆)
Σ
′′
B(E) = −λcn
∫ |E|
2∆
dxRe
E + x√
(E + x)2 −∆2 ×
x
ωsf
K2(1 − 4∆2x2 )(
1− 4∆2xωsf D(4∆
2
x2 )
)2
+
(
x
ωsf
K2(1 − 4∆2x2 )
)2 (21)
The rst ontribution is from the mode, the seond is
from the gapped ontinuum. At −(Ω0 +∆) > E > −3∆
only the mode ontributes. The self-energy in this range
is very similar to the one-mode result. Above 3∆, the
gapped ontinuum also ontributes to Σ
′′
(E), initially
as
√
E + 3∆/ log2(E + 3∆) for E ≤ −3∆, and more
strongly at larger |E|. Combining the ontributions from
the mode and from the gapped ontinuum, we found
numerially that the total Σ
′′
is almost at above 3∆
at a value Σ
′′ ≈ 1.5λcnΩ0. The near-onstant value of
Σ
′′
is quite lose to the normal state value in the one-
mode model, Σ
′′
n = (π/2)λ
b
nΩ0, but we stress that in the
olletive mode model, this at behavior is obtained at
|E| ≈ 3 ÷ 5∆. In the one-mode model, Σ′′(E) at these
energies has a strong frequeny dependene ranging be-
tween 1.25Σ
′′
n at E = −3∆ to 1.04Σ
′′
n at E = −5∆.
C. Comparison and appliation of the two models
Not surprisingly, one-mode and olletive mode models
give very dierent results for the normal state. Within
the one-mode model, the normal state spetral funtion
still shows a peak-dip-hump struture, and the renor-
malized dispersion displays an S-shape struture near
E = −Ω0. In the olletive mode model, the imaginary
part of the self-energy is roughly linear in E at frequen-
ies omparable to Ω0, and Σ
′
(E) displays a rossover
from a linear behavior at small frequenies to a near on-
stant behavior at higher frequenies. From this perspe-
tive, a ombination of the measurements below and above
Tc provides the best way to distinguish between the two
models, partiularly as we found the relation between the
oupling onstants in the normal and superonduting
states. Several ARPES measurements near (π, 0) indi-
ate
7,8,9
that the oupling to the mode disappears above
Tc thus strongly supporting the olletive mode model.
The normal state measurements may be ontami-
nated by thermal eets, whih mask the dierene be-
tween the two models. A way to avoid thermal eets is
to fous on low T measurements. However the two mod-
els give very similar results for the superonduting state.
The only qualitative dierene is the gapped ontinuum
whih is still present in the olletive mode model, but
the ontinuum aets the self-energy only in a moder-
ate extent both at vanishing E and at |E| ∼ ∆. The
dominant ontribution to the self-energy at these ener-
gies omes from the resonane at Ω0, whih is present in
both models. The ontinuum does aet the self-energy
at |E| ∼ 3 ÷ 5∆, but it is diult to measure the self-
energy in the (π, 0) region in this energy range sine the
bare dispersion only extends to ∼ 2∆ for the antibonding
band and to ∼ 7∆ for the bonding band and therefore
all evaluations strongly depend on the exat values of the
bare partile dispersion.
On the other hand, the lose similarity between the
two models in the superonduting state is good for ad-
dressing the fundamental issue whether the data in the
superonduting state are atually onsistent with the
olletive mode model, and with estimates of λcsc or λ
c
n.
For the analysis of the experimental data we used the
one-mode model whih is determined by λbsc and whih
simulates the oupling to the magneti resonane mode.
34
The bare one-mode model is extended by adding to the
self-energy a Fermi-liquid-like term whih is shifted by
3∆ to higher binding energy. This term approximates
the gapped ontinuum and is determined by the ou-
pling onstant λfsc. We then ompare the two oupling
onstants λbsc and λ
f
sc with theoretial estimates for the
oupling onstant λcsc in the olletive mode model.
31,35
We obtain reasonable agreement between experiment and
theory whih indiates that the dressing of the harge ar-
riers in the (π,0) region is related to a oupling of spin
exitations. We also show that the magnitude Σ′′(−∞)
evaluated from the inoherent spetral weight is onsis-
tent with the value of λbn derived from the dispersion near
∆. This means that the spetral funtion for the oher-
ent and the inoherent states an be desribed by one
self-energy funtion indiating a ommon linear dressing
for the both states.
III. EXPERIMENTAL SETUP
The ARPES experiments were arried out at the
BESSY synhrotron radiation faility using the U125/1-
PGM beam line and a SCIENTA SES100 analyser. Spe-
tra were taken with various photon energies ranging from
17 to 65 eV. The total energy resolution ranged from 8
meV (FWHM) at photon energies hν=17-25 eV to 22.5
meV at hν=65 eV. The momentum resolution was set to
8Figure 4: ARPES intensity plots as a funtion of energy and
wave vetors along the (pi, pi)− (pi,−pi) diretion of the opti-
mally doped Pb-Bi2212 superondutor taken at T = 30 K.
Zero orresponds to the (pi, 0) point. (a) bonding band, (b)
antibonding band. () and (d): alulated spetral funtion
using a model self-energy funtion for the region around the
(pi, 0) point. The red dashed line represents the bare-partile
bandstruture
0.01 Å
−1
parallel to the (π, 0)− (π, π) diretion and 0.02
Å
−1
parallel to the Γ− (π, 0) diretion. Here we fous on
spetra taken with photon energies of 38 eV and 50 (or
55 eV) to disriminate between bonding and antibonding
bands. The polarization of the radiation was along the
Γ− (π, 0) diretion. Measurements have been performed
on (1×5) superstruture-free, optimally doped BiPb2212
single rystal with a Tc= 89 K. Sine data for the nor-
mal state have already been published
8
we only show
data measured at T = 30 K.
IV. EXPERIMENTAL RESULTS
In Fig. 4 we show typial ARPES data for wave ve-
tors lose to the (π, π) − (π,−π) line, entered around
the (π, 0) point. As has been shown previously8,12,13 and
supported by theoretial alulations
14,15
, the data taken
with hυ=38eV due to matrix element eets represent
mainly the bonding band with some ontributions from
the antibonding band. The data taken at hυ=50 eV (see
Fig. 4(b)) have almost pure antibonding harater. In
order to obtain the spetral weight of the pure bond-
ing band (see Fig. 4(a)), a fration of the 50 eV data
has been subtrated from the 38 eV data. We have also
added in Fig. 4 the bare-partile dispersion whih was
obtained from a self-onsistent evaluation of the data
Figure 5: ARPES intensity plot for k-values near the
(1.4pi, pi)− (1.4pi,−pi) line of the optimally doped Pb-Bi2212
superondutor taken at T = 30 K. Zero orresponds to the
(1.4pi, 0) point. The data were taken with a photon energy hυ
= 50 eV in order to maximize the intensity of the antibonding
band.
at the nodal point
39
, an evaluation of the anisotropi
plasmon dispersion
36,37
and from LDA bandstruture
alulations
38
. When omparing this bare-partile dis-
persion with the very broad distribution of the bond-
ing band at high energies, one realizes a renormaliza-
tion of the oupied bandwidth by a fator of about
1.7 orresponding to λfsc ≈ 0.7. This value is not far
from that derived for the bandwidth renormalization
above Tc, where no additional renormalization eets
at lower energies have been deteted,
8
and from that at
the nodal point
12,39
. Probably a large fration of this
bandwidth renormalization stems from a oupling of the
harge arriers to the above mentioned ontinuum of spin
utuations
31
.
In Fig. 5 we show an ARPES intensity distribution
near kF of the antibonding band, lose to the (1.4π, π)−
(1.4π,−π) line, of Pb-Bi2212 measured at 30 K with a
photon energy hυ = 50 eV. At this plae in the seond
Brillouin zone, the bare partile dispersion of the an-
tibonding band reahes well below EB = 70 meV and
therefore ontrary to Fig. 4 (b) the branhing into two
dispersive arms an be learly realized. These data to-
gether with the data of Fig. 4 when ompared with the
model alulations shown in Fig. 3 learly reveal that
the dominant eet of the renormalization, besides the
bandwidth renormalization mentioned above, is due to a
oupling to a bosoni mode leading to a branhing energy
of ∼ 70 meV.
In order to obtain more quantitative information on
the parameters whih determine the self-energy funtion
leading to this renormalization we have performed vari-
ous uts of the spetral weight shown in Fig. 4 (a) whih
are presented in Fig. 6. A onstant-k san for k=kF is
depited in Fig. 6(a) showing the typial peak-dip-hump
struture presented for data taken at the (π, 0) point in
9Figure 6: (a) Constant-k ut of the data shown in Fig 5 at
kF ; (b) onstant-k ut of the data at about one third of kF
(starting at the (pi, 0) point); () onstant-E ut at E = -100
meV. The solid lines represent ts to the data (see text)
previous studies
13,20
. From the peak energy one an de-
rive the superonduting gap energy ∆ = 30(4) meV.
In the previous literature
25
, from the dip energy at ∼
70 meV the branhing energy EB was derived. Another
onstant-k san at 1/3 kF (starting from the (π, 0) point)
is shown in Fig. 6(b). At this k-value the intensity of the
oherent peak is strongly redued and in the framework
of the one-mode model, mainly the threshold of the in-
oherent states (the hump) is observed. From a t to
these data, taking into aount a small intensity of the
oherent line and a threshold of the inoherent states, the
threshold energy ould be determined whih in the one-
band model yields the branhing energy, EB = ∆ + Ω0
= 70(5)( meV. This together with the gap energy ∆= 30
meV yields a mode energy of 40 meV.
In Fig. 6() we show a onstant-energy ut at E = -
100 meV of the data presented in Fig. 4. As disussed
in Set. II, from the t of those uts with a Lorentzian
one an obtain from the width of the Lorentzian a value
of the imaginary part of the self-energy at the seleted
energy. For the energy below the mode energy, this value
Σ′′(−∞) is a measure of the oupling to the mode. The
atual situation is more ompliated sine near the antin-
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Figure 7: Typial values for Σ′′(−∞) as derived from a t of
onstant-E uts (see Fig. 6) of data shown in Fig. 4(a) and
(b) using Eq. (4) The solid line is a guide to the eyes. (a)
bonding band, (b) antibonding band.
odal point, the bandstruture is far from being linear at
this energy range. We have tted the data shown in
Fig. 6() by Eq. (4) with the self-energy given by (8),
the bare dispersion extrated from earlier work,
8 ∆ =
30 meV, Ω0 = 40 meV, and Σ
′′(−∞) used as a param-
eter. Moreover as desribed above a Fermi-liquid like
term was added to the self-energy to approximate the in-
uene of the gapped ontinuum. The imaginary part of
this term is given by α(E − 3∆)2 for |E| > 3∆ and zero
for |E| < 3∆ where the magnitude of α is determined by
λfsc. The value 3∆ an be easily understood by looking
at Fig. 1 sine in the superonduting state the states
available for a fermion deay have minimum energy of
3∆, and hene below 3∆, the orretion to Σ
′′
from the
ontinuum is zero. Using this self-energy funtion from
an extended one-mode model the t yielded typial val-
ues for the parameter Σ′′(−∞) as shown in Fig. 7. For
|E| > EB = 70 meV the values should be onstant. The
nite slope deteted in the analysis may be related to
errors in the bare partile dispersion, to the assumption
of a onstant density of states during the denition of
the self-energy funtion, or to in the assumed λfsc. For
|E| < EB the results from the ts are determined by the
at dispersion of the oherent states and therefore, due
to the nite energy resolution, large values are obtained
in this energy range (not shown). From evaluations of
suh data taken on several samples we derive a value
Σ′′(−∞) = 130(30) meV. The large error for this value
stems from various measurements on samples with slight
mismathes in there orientation whih leads to dierent
bare bandstrutures as ompared to the assumed one.
Another important information omes from the dis-
persion of the oherent spetral weight between the gap
energy −∆ and the branhing energy −(∆+Ω0). Origi-
nally
8,9
, the data were tted using Eq. (13). As pointed
out in Set. II this is a good approximation for onven-
tional superondutors, where the mode energy is muh
higher than the gap, but not for the high-Tc superon-
dutors. Here the energy of the mode is omparable to
the gap energy and therefore the renormalization fun-
10
Table II: Parameters determining the self-energy funtion
of Pb-Bi2212 near ((pi, 0) below Tc. λ
f
, λb, λt, oupling
onstants from bandwidth renormalization, from oupling to
a bosoni mode, and total oupling onstant, respetively.
Σ′′(−∞) is determining the imaginary part of the self-energy
funtion at high binding energies. s: parameters derived in
the superonduting state, n: parameters alulated for the
normal state by setting ∆ to zero. The data are ompared
with parameter derived for a Mo(110) surfae state
40
and for
Pb
41
system λf λb λt Σ′′(−∞)(meV )
BiPb2212 s 0.7(3) 2.0(4) 2.7(5) 130(30)
BiPb2212 n 1.3(3) 2.7(4) - 130(30)
Mo(110) - 0.4 - 15
Pb n - 1.6 - -
tion from whih the λbsc -values are derived, depends on
energy and also on ∆/Ω0. In this ommuniation we
have tted the data using the full Eqs. (4) and (12).
For the omplex self-energy funtion, we have used the
same parameters as for the t of the onstant-energy uts
shown in Fig. 6 (). We then obtain a omplex renor-
malization funtion Z(E) from whih we derive λ-values
not at energies between ∆ and ∆ + Ω as in the previ-
ous study
8
but at zero energy, i.e., λbsc = Z(0) − 1. In
the t we have used the above given values for ∆ and
Ω0 and we have hosen λ
b
sc as a parameter. From the
t, we extrated λbsc = 2.0(4). This yields a total λ
t
sc=
2.7(5) from Z(0) in the superonduting state omposed
of a bandwidth renormalization part λfsc = 0.7(3) and
a bosoni part λbsc = 2.0(4). The errors are not due to
statistis but result from dierent measurements on dif-
ferent samples. Using the relation λbsc = 0.74λ
b
n (see Se.
II) we obtain λbn = 2.7. To obtain λ
f
in the normal
state we used the same ImΣ from fermion-fermion inter-
ation as in the superonduting state, but set ∆ = 0.
This yields λfn ∼ 1.3 and a total oupling onstant for
the normal state λtn = 4.0(5). We olleted the values
of the oupling onstants and Σ′′(−∞) in Table II. Note
that the normal state values are not derived from mea-
surements in the normal state. Rather they were derived
from data taken in the superonduting state and setting
∆ to zero in the renormalization funtion. This means
that λbn in Table II is a titious normal state oupling
onstant beause the bosoni mode does not exist in the
normal state. It is only presented for the omparison of
the oupling onstant in HTSCs with those of onven-
tional metals and superondutors.
V. DISCUSSION
The oupling onstant to a bosoni mode was de-
rived from the dispersion of the oherent states between
-30 and -70 meV while Σ′′(−∞) was derived from a
onstant-E ut of the inoherent states below -70 meV.
If the data an be desribed by one self-energy funtion
whih essentially results from a oupling to one bosoni
mode, the λbn-value alulated from Σ
′′(−∞) within this
model should agree with the λbn-value extrated from
the dispersion of the oherent states. Using the rela-
tion λbn = −2Σ′′(−∞)/(πΩ0) (see Set. II) and the value
Σ′′(−∞) = 130(30) meV one obtains λbn = 2.1(5) whih is
in reasonable agreement with λbn ∼ 2.7(4) derived from
the dispersion near −∆. This supports the idea that
the oherent and the inoherent spetral weight of the
spetral funtion in the superonduting state an be de-
sribed by a single self-energy funtion, whih is essen-
tially determined by the oupling to one bosoni mode at
40 meV. This view is also supported by the fat that tak-
ing this self-energy funtion and alulating the spetral
funtion using Eq. (2) we obtain a reasonable agreement
with the experimental ARPES data, both for the bonding
and the antibonding band (see Fig. 4). The dierenes
in the intensities of the bonding band near (π,0) may
be explained by matrix element eets. We emphasize
that in the superonduting state both the real and the
imaginary part of the self-energy funtion indiate a very
strong oupling to a bosoni mode.
Reently, there has been some evidene from ARPES
measurements
21,22
that in the undoped uprates there
is a very large eletron-phonon oupling leading to a
strong polaroni renormalization onneted with a negli-
gible spetral weight for the oherent states and a high
spetral weight for a multiphononi line at higher ener-
gies. Furthermore there are theories of the pairing in
high-Tc superondutors whih are based on the forma-
tion of polarons and bipolarons
42
. The big question is
whether this strong eletron-phonon oupling survives
for the high-Tc superondutors or whether it will be
sreened by the harge arriers and at what dopant on-
entration the adiabati approximation is valid, where
the Fermi energy is muh larger than the mode energy.
The data shown in Fig. 5, whih were atually taken
down to an energy of -400 meV, show no indiation of
a polaroni line at lower energy. Moreover, the data in
Fig. 5 and its evaluation in terms of a oupling to a sin-
gle bosoni mode gives no room for multi-bosoni polaron
exitations for optimally doped samples.
The analysis given above learly identies below Tc a
very strong oupling to a bosoni mode. In Table II we
have listed other oupling onstants to bosoni (phonon)
modes deteted by ARPES. Compared to the surfae
state of the Mo(110) surfae oupled to a phonon mode,
λbn in OPBiPb2212 is a fator of 6 larger. Almost the
same fator 8 is obtained for Σ′′(−∞). Compared to
the strong oupling superondutor Pb the oupling on-
stant λbn for OP BiPb2212 is a fator of 1.6 larger. This
indiates that we really have a very strong oupling to a
bosoni mode. This oupling is even enhaned at lower
dopant onentration
8
.
In the following we ompare the experimental oupling
onstants λfsc and λ
b
sc with those derived in the olletive
mode model for the gapped ontinuum and for the single
mode, respetively. In the olletive mode model, in the
11
superonduting state about 20 % of the total oupling
onstant omes from the gapped ontinuum (see Se. II
B). The orresponding experimental value λfsc/λ
t
sc = 0.26
(see Table II) is in remarkable agreement with the the-
oretial value. This also holds for the absolute values of
the oupling onstant. In previous work
31,35
the normal
state oupling onstant for the olletive mode model was
estimated to be λcn = 2÷ 3 from ts of theoretial values
for ωsf , Ω0, and Tc. This transforms into λ
c
sc = 1.5÷2.25
for the superonduting state whih is not far from the
experimental value λtsc = 2.7(5). Thus the agreement
of the relative and absolute experimental values of the
oupling onstants with those derived from the olletive
mode model is a strong indiation that the dressing of the
harge arriers in the (π,0) region (i.e. the region were
the superonduting order parameter has its maximum)
is predominantly determined by a oupling to spin exi-
tations, in partiular to the magneti resonane mode.
This interpretation is supported by several other
ARPES results. The strong temperature dependene of
the oupling to the mode
8,9
is diult to understand in
terms of eletron phonon oupling. Our model alula-
tions also show that the data above Tc annot be de-
sribed by a thermally broadened phonon line. Also the
strong dopant dependene
8,9
is diult to be explained
in terms of eletron phonon oupling. Furthermore there
is a large oupling at (π, 0) and a muh smaller oupling
to the mode at the nodal point, indiating a oupling of
states whih are separated by a wavevetor (π, π) typi-
al of an antiferromagneti suseptibility. Moreover the
energy of the bosoni mode deteted in ARPES is lose
to the energy of the magneti resonane mode deteted
in inelasti neutron sattering. Finally we mention re-
ent ARPES measurements on the parity of the oupling
between bonding and antibonding band
43
and the mag-
neti isotope eet, i.e., the strong hanges of the dress-
ing of the harge arriers upon substitution of Cu by
Zn.
44,45
, whih both support the magneti senario.
VI. CONCLUSION
In this ontribution we have analyzed the spetral
funtion of optimally doped BiPb2212 near the antin-
odal points measured by ARPES. Compared to previous
studies, we have not analyzed just one onstant-k ut
or just the dispersion of the oherent state but the
entire spetral funtion inluding the oherent and the
inoherent spetral weight. In this ontext we have used
expressions whih not only an be used in the ase of
normal superondutors but also for HTSCs where the
mode energy is not muh larger than the superondut-
ing gap. It was possible to desribe the spetral funtion
using a single parameterized self-energy funtion. By
omparison of the experimental data with theoretial
models, we onlude that the main ontribution to the
self-energy is a very strong oupling to the magneti
resonane mode. At higher energies (and above Tc) it
was neessary to take into aount a bandwidth renor-
malization by a fator of two due to interation with a
gapped (ungapped) ontinuum of spin exitations.There
is no evidene for multi-bosoni polaron exitations for
this dopant onentration.
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